Base pairing between the RNA components of box H/ACA small nucleolar ribonucleoproteins (snoRNPs) and sequences in other eukaryotic RNAs target specific uridines for pseudouridylation. An RNA called HJ1 has been developed that interacts with the rRNA sequence targeted by the 5 0 pseudouridylation pocket of human U65 snoRNA the same way as intact U65 snoRNA. Sequences on both strands of the analog of the U65 snoRNP pseudouridylation pocket in HJ1 pair with its substrate sequence, and the resulting complex, called HJ3, is strongly stabilized by Mg
INTRODUCTION
In eukaryotes and archaea, box H/ACA small nucleolar ribonucleoproteins (snoRNPs) transform specific uridines in ribosomal RNAs (rRNAs) and spliceosomal RNAs into pseudouridines Decatur and Fournier, 2003; Kiss, 2002; Weinstein and Steitz, 1999) . Each box H/ACA snoRNP consists of a unique snoRNA and four evolutionally conserved proteins that are common to all such snoRNPs: Cbf5 (Dyskerin in humans and NAP57 in rodents), L7Ae (Nhp2 in eukarya), Nop10, and Gar1 (Meier, 2005) . The proteins of a snoRNP give it its pseudouridylation activity, and its RNA component determines which uridines it modifies (Baker et al., 2005; Bortolin et al., 1999; Charpentier et al., 2005; Ganot et al., 1997a Ganot et al., , 1997b Ni et al., 1997) .
Despite considerable differences in length and sequence, eukaryotic box H/ACA snoRNAs have a common secondary structure that includes two hairpins, each of which has a large internal loop called a ''pseudouridylation pocket'' (e.g., Figure 1A ) (Bortolin et al., 1999; Ganot et al., 1997b; Kiss et al., 2004) . The number of unpaired bases in these loops is variable, and some are asymmetric. Archaeal box H/ACA snoRNAs have one to three such hairpins (Rozhdestvensky et al., 2003; Tang et al., 2002) . Base pairing between sequences in pseudouridylation pockets and substrate RNA sequences on both side of uridines destined for modification determine the specificity of box H/ACA snoRNPs (Bortolin et al., 1999; Ganot et al., 1997a; Ni et al., 1997) .
Several structures related to those of box H/ACA snoRNPs have been published recently. Crystal structures have been obtained for Cdf5-Nop10 and Cbf5-Nop10-Gar1 complexes (Hamma et al., 2005; Manival et al., 2006; Rashid et al., 2006) , and solution structures have been reported for a pseudouridylation pocket both in isolation and with Nop10 bound (Khanna et al., 2006) . More recently, a crystal structure was reported for an archaeal box H/ACA hairpin with four proteins bound (Li and Ye, 2006) .
Missing still is an experimentally determined structure indicating what pseudouridylation pocket-substrate RNA complexes look like in three dimensions. One might have thought that several examples of a secondary structure motif as simple as that proposed for pseudouridylation-substrate complexes ( Figure 1A ) could be found in existing structures of RNA and ribonucleoproteins, but this is not the case. For example, in 16S and 23S rRNAs, there is only one internal loop that has one of its strands paired with a distant sequence, and none that have both strands paired with distant sequences (Ban et al., 2000; Wimberly et al., 2000) . Thus, pseudouridylation pocketsubstrate RNA complexes are interesting not only because of their relevance to box H/ACA snoRNP function but also from the point of view of RNA architecture.
Here, we present solution structures for a box H/ACA pseudouridylation pocket with and without a substrate sequence bound. The RNAs whose structures are presented below were designed to emulate the 5 0 pseudouridylation pocket of human U65 snoRNA, which guides the modification of U4373 in human 28S rRNA, and its substrate sequence. Human U65 snoRNA is homologous to yeast (S. cerevisiae) snR34 (Bortolin et al., 1999) , which directs the pseudouridylation of U2826 and U2880 in yeast 25S rRNA, which are the equivalents of U4373 and U4427 in human 28S rRNA, and human U65 snoRNA can replace snR34 functionally in yeast (Bortolin et al., 1999) .
In solution, the substrate strand of the complex adopts an U-shaped conformation and interacts with the pseudouridylation pocket from one face of the pocket only, as it must if small target sequences in large RNAs are to engage efficiently with box H/ACA snoRNPs. The topology of box H/ACA snoRNA/rRNA complex reported here is likely to be the same as that of other box H/ACA snoRNP-substrate complexes.
RESULTS

A Model System for Studying the Interaction of Box H/ACA snoRNAs with rRNAs in Solution
Because box H/ACA snoRNAs have chain lengths well over a hundred nucleotides and their substrates can have chain lengths in the thousands, the complexes formed when pseudouridylation pockets interact with their substrates can only be addressed by NMR using lowmolecular-weight model systems (Lukavsky and Puglisi, 2005; Tzakos et al., 2006; Varani and Tinoco, 1991; Wijmenga and van Buuren, 1998) . Fortunately, the Kiss group demonstrated several years ago that box H/ACA snoRNPs efficiently pseudouridylate oligonucleotides of RNAs of appropriate sequence that are as short as 13 nucleotides (Ganot et al., 1997a) . Thus, low-molecularweight substrate analogs for box H/ACA snoRNPs were known to exist before we began our work. The task that remained was finding a low-molecular-weight model for a pseudouridylation pocket.
The snoRNAs-substrate RNA model system we devised consists of two RNAs, HJ1 and HJ2 ( Figures 1B and 1C) , the sequences of which derive from human U65 snoRNA ( Figure 1A ) and the region in human 28S rRNA around U4373 that it targets. HJ1 should form a hairpin structure that includes the helices flanking the 5 0 pseudouridylation pocket in U65 snoRNA, P1 and P2, and the pseudouridylation pocket itself as first predicted by Ganot et al. (1997b) . The P2 stem of HJ1 is terminated by a GAGA tetraloop, a motif having a distinctive NMR signature that should help stabilize the desired RNA secondary structure (Jucker et al., 1996) . The sequence of P1 was modified to make transcription of HJ1 by T7 RNA polymerase more efficient. If HJ1 and HJ2 were to form a complex similar to those proposed for other box H/ACA snoRNPs-substrate RNA complexes, its secondary structure should be that shown in Figure 1D . The HJ1/HJ2 complex is called ''HJ3.''
Validation of HJ3
The conformations of short RNA sequences derived from larger RNAs can be very different in isolation from those they adopt when embedded in their parent molecules. For that reason, several biochemical experiments were done to verify the relevance of HJ1 and HJ3 to the conformation problem of concern. The results are summarized below. HJ3 Is a 1:1 Complex of HJ1 and HJ2 The stoichiometry of the HJ3 complex was determined by a gel-shift experiment. When HJ1 is titrated with increasing amounts of HJ2 under ionic conditions that favor complex formation, only a single, low-mobility species is observed no matter how great the excess of HJ2, and the conversion of HJ1 into that low-mobility species is complete when the amount of HJ2 added is equimolar ( Figure S1 in the Supplemental Data available with this article online). Thus HJ3, the species formed when HJ1 and HJ2 interact, must be a 1:1 complex. The Secondary Structure of the Pseudouridylation Pocket in HJ1 Is the Same as that in U65 snoRNA Data obtained from chemical reactivity experiments are consistent with the secondary structures shown for fulllength U65 snoRNA, HJ1, and HJ3 in Figure 1 . In the absence of substrate, bases in the pseuodouridylation Figure 1B , and HJ2 is shown in magenta.
pockets of U65 snoRNA and HJ1 react readily with reagents like dimethyl sulfate (DMS), 1-cyclohexyl-3-(2-morpholinoethyl) carbodiimide metho-p-toluenesulfonate (CMCT), and 3-ethoxy-2-oxo-butanal (kethoxal), but the bases in the P1 and P2 stem of the two RNAs do not ( Figures S2 and S3 ). When HJ2 is added to either fulllength U65 snoRNA or HJ1 RNA, the reactivities of most of the bases in the cognate pseudouridylation pockets fall sharply ( Figure S4) Figure 2C ). Thus, not only is the secondary structure of the HJ3 complex similar to that of the corresponding region of the U65 snoRNA/HJ2 complex, the thermodynamic properties of the two complexes are similar also.
Spectroscopic Evidence for Base Pairing between HJ1 and HJ2 in the HJ3 Complex Important information about the secondary structure of a nucleic acid can be obtained by analysis of the downfield region (10-15 ppm) of its proton NMR spectrum where the resonances of imino protons protected from solvent exchange by base pairing appear (Heus and Pardi, 1991; Moore, 1995) . Imino proton nuclear Overhauser effects (NOEs) can provide the information required to assign these resonances and to determine the type of base pair to which each belongs. (HJ1 and HJ3 spectra were assigned by using standard procedures: see Experimental Procedures and Tables S2-S7.) Figure 3 compares the imino proton spectra of HJ1 ( Figure 3A ), the HJ1 component of HJ3 ( Figure 3B ), and the entire HJ3 complex ( Figure 3C ). Except for the resonance at $10 ppm, which represents the H1 proton of G16 in the sheared GA pair of the GAGA tetraloop of HJ1, all the imino proton resonances in these spectra come from Watson-Crick base pairs. In the case of HJ1, they all belong to its P1 and P2 stems. None of the bases in its pseudouridylation loop form Watson-Crick base pairs under our experimental conditions ( Figure 3A ). The downfield spectrum of the HJ1 portion of HJ3 ( Figure 3B ), which was obtained with an HJ3 samplethe HJ1 component of which was 15 N-labeled, includes imino proton resonances for two ''new'' base pairs, G7,C4379 and G29,C4368, as well as resonances for all the base pairs in P1 and P2. Several imino proton resonances originating in HJ2 are evident in the downfield spectrum of HJ3 ( Figure 3C ): U4369, G4370, G4371, G4375, U4376, G4377, and G4378. They all come from Watson-Crick base pairs generated when HJ1 and HJ2 interact. Thus, almost all the Watson-Crick base pairs that the sequences of HJ1 and HJ2 suggest could form between the two RNAs are present in HJ3. Consistent with this conclusion, the binding of HJ2 to HJ1 causes large ($0.2 ppm) changes in the chemical shifts of nonexchangeable proton resonances of both strands of its pseudouridylation pocket but has little effect ($0.05 ppm) Table S1 ). These data are plotted
The black squares are the data for HJ3 complex and the red line is the least-squares best fit of that data to the equation log
] + log C, where C is a constant. The green circles are the data for U65/HJ2 complex.
on the chemical shifts of resonances originating in other parts of HJ1 ( Figure S6 ). The secondary structure model for HJ3 shown in Figure 1D is correct.
The Solution Structure of HJ1 Solution structures for both HJ1 and HJ3 were determined by using structural constraints obtained from nuclear Overhauser effect spectroscopy (NOESY) data, which identify pairs of protons less than 5 Å apart, and from J-coupling data, which provide information about torsion angles (Cromsigt et al., 2001; Puglisi, 2001, 2005; Vallurupalli and Moore, 2003; Varani et al., 1996; Varani and Tinoco, 1991) . High-temperature torsion angle molecular dynamics (TAMD) and Cartesian molecular dynamics (MD) protocols (Brunger et al., 1998) were used to obtain families of structures for both molecules that are consistent with experimental constraints and that have satisfactory covalent geometries. Statistics characterizing the two families of structures that emerged are provided in Table 1. HJ1 is an elongated hairpin as expected, but the trajectory of its long axis is not well determined by the data ( Figure 4A ). Being reporters of local conformation only, NOE data only weakly constrain the overall conformation of elongated molecules under the best of circumstances, and in this case, there were very few cross-strand NOEs available to constrain the conformation of the molecule's internal loop. Not surprisingly, the all-atom root-meansquare deviation (rmsd) for the family of structures obtained for HJ1 is much larger in its pseudouridylation pocket region (2.92 ± 1.28 Å ) than it is for its lower helical stem (P1) and its upper helical stem (P2/GAGA) tetraloop components, which are 0.92 ± 0.21 Å and 1.32 ± 0.50 Å , respectively.
HJ1's structure includes the GAGA tetraloop that it was designed to contain, and both its P2 stem and its P1 stem are A-form helices, as expected, but the two strands of its pseudouridylation pocket are almost linear ( Figure 4B ). The structure of the upper portion of the pseudouridylation pocket (C9-C11; A24-C27) is better determined than its lower portion. The data suggest that A24 and C11 form a protonated A + -C base pair, and two cross-strand NOEs (A24H2-U12H1 0 ; A10H2-C26H1 0 ) further constrain the conformation of that part of the structure. There is no evidence for base pairing in the lower portion of the loop under the experimental conditions used. Residue U30 is particularly mobile; as evidenced by the sharpness of its NMR resonances.
The Solution Structure of HJ3 HJ3 has unusually well-dispersed NOESY spectra. Figure 5 shows the anomeric/aromatic region of the NOESY spectrum of HJ3, with the connectivities highlighted that enabled us to assign almost all of its H1 0 , H6/H8, and H2 resonances. Fortunately, the pairing of HJ2 with bases in the pseudouridylation pocket of HJ1 produced a large number of NOEs that constrain the conformation of that part of HJ3 far more effectively than it is constrained by the data obtained from HJ1. (Compare Figure 4A with Figures 6A and 6B.) In the family of structures obtained for HJ3, the rmsd for that region is 1.38 ± 0.24 Å rather than the 2.92 ± 1.28 Å it is for the HJ1 family. The rmsds for the P1 and P2/GAGA tetraloop components of HJ3 are better also (0.66 ± 0.21 Å versus 0.92 ± 0.21 Å and 0.95 ± 0.40 Å versus 1.32 ± 0.50 Å , respectively) ( Table 1) .
HJ3 contains four helices: P1, P2, substrate binding helix1 (SBH1), and substrate binding helix2 (SBH2) (Figure 6 ). SBH1 results from base pairing between the sequence that is on the 3 0 side of the targeted uridine (U4373) in HJ2 and the 5 0 strand of the pseudouridylation pocket of HJ1, and pairing of the sequence on the 5 0 side of the targeted uridine in HJ2 with the 3 0 strand in the pocket gives rise to SBH2. SBH2 stacks on P1 ( Figure 6 and Figure S7A ), and SBH1 stacks on P2 ( Figure 6 and Figure S7C ). HJ2, which has an U-like shape, binds to the pseudouridylation pocket of HJ1 from one side only, with the unpaired residues in its middle, which include U4373, the target uridine, at the apex of the three-way junction formed by SBH1, P2, and SBH2. 
Molecular Cell
The Structure of a Box H/ACA snoRNA/rRNA Complex The stacking of SBH2 on P1 is supported by several NOEs (C5H1 0 -A4367H8, C5H2 0 -A4367H8, and C5H5-A4367H8) and is associated with a deviation in backbone geometry from A form ( Figures S7A and S7B ). The riboses of both C5 and C6 are C2 0 -endo rather than the standard C3 0 -endo. The formation of the SBH2/P1 stack eliminates the stacking of the C6 on the C5-G31 base pair seen in HJ1. This results in a large downfield change in the chemical shift of the resonance of C6H5 ($0.7 ppm) relative to what it is in HJ1 that can be explained by a reduction in the ring-current effect that the C6H5 proton experiences in HJ1.
NOE crosspeaks correlating A24H8 with U4374H1 0 and U4374H2 0 support the stacking of SBH1 on P2 ( Figures  S7C and S7D ). This stacking is associated with a deviation in backbone geometry from the A-form norm large enough to disrupt the sequential pattern of aromatic-anomeric NOEs normally used to assign the H6/H8 and H1 0 proton resonances of RNA spectra ( Figure 5 ). There is no such discontinuity in the NOESY spectrum of HJ1 at A23-A24 ( Figure S8) . A similar discontinuity in sequential NOEs occurs in the HJ2 part of HJ3 between C4372 and U4374, which is the region between the end of SBH1 and the start of SBH2 (Figure 5) . U4373, the uridine that is pseudouridylated by U65 snoRNPs in vivo, and the nucleotides on either side of it, C4372 and U4374, are unpaired in HJ3, as are the nucleotides opposite them in HJ1, A24, and U25. U4374 is in close proximity to A24, and U25 sits between A24 and C26 in about the position it would occupy if that part of the HJ1 strand were an A-form helix. The base of U4373 is likely to be mobile in solution, as evidenced by the lack of NOE connectivity for this base to its neighbors and the sharpness of its resonances. The family of structures obtained includes two distinct conformations for U4273: one with the base pointed in toward HJ1 (18%) and the other with the base sticking out into solution (82%) ( Figure S9 ). Both conformations are consistent with the experimental data.
DISCUSSION
Biochemical data obtained with HJ1 and HJ3 indicate that the interaction between HJ1 and HJ2 faithfully emulates the interaction that occurs when the 5 0 pseudouridylation pocket of human U65 snoRNA interacts with its substrate. The stabilities of the two complexes are identical under a range of ionic conditions, and chemical modification data indicated that their secondary structures are similar both in the presence and the absence of HJ2.
The topology of HJ3 makes sense functionally. Its substrate strand is not threaded through its pseudouridylation pocket loop. (Given the short length of HJ2, it could have been otherwise.) Other box H/ACA snoRNP-substrate It is also functionally important that the substrate strand of HJ3 interacts with its pseudouridylation pocket from one side only. The crystal structure recently reported for an archaeal box H/ACA snoRNP complex (Li and Ye, 2006) shows that the proteins of snoRNPs interact strongly with box H/ACA snoRNAs on one side of their pseudouridylation pockets, which leaves the other side free to engage substrates. This crystallographic observation is consistent with what many earlier studies have suggested (Hamma et al., 2005; Manival et al., 2006; Meier, 2006; Rashid et al., 2006) , and the fact that HJ3 displays this property is another reason to believe its structure is physiologically relevant.
The nonthreaded and one-sided characteristics of HJ3 result from the way its four helices stack: SBH2 on P1 and SBH1 on P2. This stacking pattern forces its substrate strand (HJ2) to adopt an U-like conformation ( Figure 6D ), and it is interesting to note that the backbone atoms of the HJ2 strand of HJ3 are approximately coplanar when viewed from the side and that most of its bases point in the same direction, i.e., toward the pseudouridylation pocket ( Figure 6E ). The stacking of SBH2 on P1 should help fix not only the distance between box H and box ACA motifs and uridines destined for modification but also their relative orientations, and this is likely to be important for determining whether a given uridine becomes modified or not. The SBH1/P2 stack may help control the organization of the three-way junction where the target uridine is and ensure the appropriate placement of the proteins that interact with the P2 stem: L7ae, Nop10, and Cbf5 (Li and Ye, 2006) .
Two groups have recently published models for box H/ACA snoRNA/substrate complexes (Li and Ye, 2006; Rashid et al., 2006) , and both models resemble HJ3 in calling for an HJ3-like pattern of helix stacking, namely SBH2 on P1 and SBH1 on P2. This stacking pattern forces substrate strands to adopt an U-like conformation similar to that seen in HJ3. Thus, both models are fundamentally correct.
It is difficult to superimpose the crystal structure of a box H/ACA snoRNP obtained by Li and Ye (2006) on the structure of HJ3 in a sensible way. The bases in the pseudouridylation pocket of the Li and Ye structure are not positioned the way they would have to be to form short helices with its substrate, as they must. Thus, the conformation this pseudouridylation pocket adopts when substrate binds must be quite different from the conformation seen in its absence. It is not surprising that HJ3 does not superimpose convincingly on the Li and Ye structure.
The data obtained for HJ3 are insufficient to accurately determine the conformation of the molecule in the neighborhood of U4373, the base modified by U65 snoRNP. There are five unpaired bases in this part of HJ3: C4372, U4273, U4374, A24, and U25. The C4372 and U25 are likely to form a CU base pair, but experimental evidence for this pairing is lacking. Earlier, Kiss and coworkers proposed a model for this same complex, in which only U4273 and U4374 are unpaired (Bortolin et al., 1999) , that is closer in secondary structure to the secondary structures proposed for many other box H/ACA snoRNA/substrate RNA complexes, in which only the substrate U and its 3 0 -adjacent base are unpaired (Ganot et al., 1997a) . However, that model is incompatible with the secondary structure of the P2 stem shown in Figure 1A . In order for the Kiss model for this complex to be correct, either the secondary structure of the P2 stem must differ from that shown in Figure 1 or the P2 stem must reorganize when substrate binds. The NMR data discussed above, as well as the chemical probing data summarized in the Supplemental Data, strongly support the secondary structures shown in Figure 1 , and there is no evidence that the P2 stem of HJ3 changes secondary structure when substrate binds. One might then argue that the P2 structure we see is an artifact of our model system and that full-length U65 snoRNA does not respond to substrate binding the same way as HJ3, a possibility we cannot absolutely exclude. However, the near identity of the dissociation constants obtained for the HJ3 complex and the corresponding U65 snoRNA/HJ2 complex under several different ionic conditions argues forcefully against this hypothesis.
As already noted, the box H/ACA snoRNA/substrate complex that HJ3 emulates is not as fully base paired around its substrate uridine as many other such complexes are believed to be. Therefore, it is interesting to ask whether models can be built for these more perfectly paired complexes that resemble HJ3. To answer this question, we have built models for HJ3-like structures that are more typical in this regard and find that HJ3-like structures can be built that are more completely paired (Figure 1) . The HJ1 component of HJ3 anomeric-aromatic walk is traced in purple for residues 1-12, in red for residues 13-23, and in green for residues 24-35. The walk for the HJ2 component of HJ3 is shown in blue. There are six discontinuities in these walks: A23H1 0 -A24H8, C27H1 0 -A28H8, and A28H1 0 -G29H8 in HJ1 strand and C4372H1 0 -U4373H6, U4373H1 0 -U4374H6, and U4374H1 0 -U4374H6 in HJ2. The spectrum was acquired at 30 C with a mixing time of 250 ms.
in the neighborhood of the targeted uridine (Supplemental Experimental Procedures and Figure S10 ). The physiological relevance of the structure obtained for HJ1 is unclear. In the first place: the cross-strand NOE data available to constrain the conformation of its pseudouridylation pocket are so sparse that its structure is not accurately determined. In this regard, it is useful to consider the two other structures that are now available for H/ACA pseudouridylation pockets, both of which are more accurately determined, namely the solution structure published for the 3 0 pseudouridylation pocket of human U65 snoRNA (Khanna et al., 2006) and the crystal structure recently reported for a box H/ACA snoRNA with four proteins bound (Li and Ye, 2006) . Neither molecule resembles HJ1 in the pseudouridylation pocket region, and they do not resemble each other either. As is the case with HJ1, the structures of the pseudouridylation pockets of both of the molecules depend on idiosyncratic features of their sequences, which is not surprising. There is little homology among the sequences of the pseudouridylation pocket of box H/ACA snoRNAs in general and, therefore, no reason to anticipate similarity in threedimensional structures. Furthermore, the sequences of the two strands of pseudouridylation pockets have evolved to interact efficiently with substrate sequences, not to form some particular structure with each other. Thus, it would be quite surprising if the pseudouridylation pockets of different box H/ACA snoRNAs had the same secondary structure.
The sequence-dependent conformational differences between the pseudouridylation pockets of different box H/ACA snoRNAs should largely disappear once they interact with their substrates because both strands of their pockets then become components of canonical double helices. These enzyme/substrate complexes are likely to be similar in three-dimensional structure and that similarity undoubtedly explains why a single protein (Cbf5 in archea, dyskerin in human, and NAP57 in rodents) can catalyze the conversion of uridines into pseudouridines in all of the box H/ACA snoRNPs found in a single organism. The structure for HJ3 described above provides a first glimpse of what that common structure might look like.
For the reasons already stated, other box H/ACA snoRNP-substrate RNA complexes are likely to have the same topology as HJ3. Investigations with systems less reduced than HJ3 will be required to evaluate the effects that the protein components of these snoRNPs have on the details of the geometry of these complexes, and there is a clear need to understand the conformational consequences of the differences in base pairing that appear to occur in box H/ACA snoRNA/substrate RNA complexes in the neighborhood of the uridine targeted for modification.
Not surprisingly, the HJ3 complex is stabilized by Mg 2+ -tertiary and quaternary interactions between RNAs generally are (Draper et al., 2005; Misra and Draper, 2001; Pyle, 2002) . Formation of HJ3 in the absence of protein leads to the uptake of two Mg 2+ ions in addition to those that associate with its isolated HJ1 and HJ2 components. It remains to be seen whether the uptake of Mg 2+ associated with the formation of the HJ3 complex is due to diffusive binding or to site-specific binding. In any case, one anticipates that the interaction of rRNA substrates with box H/ACA snoRNPs will also be stabilized by Mg 2+ because the substrate recognition in snoRNPs is largely RNA driven. It also remained to be seen whether the sensitivity of the stability of the U65 snoRNA/rRNA complex to Mg 2+ we report here is a general property of all box H/ACA snoRNA/substrate complexes. In closing, we note that HJ3 is the first example of which we know of the motif that results when a single-strand RNA pairs extensively with nucleotides belonging to both sides of a large internal loop. It would be interesting to know why a motif as simple as the one manifest in HJ3 is not more widespread in RNAs than it appears to be.
EXPERIMENTAL PROCEDURES
Preparation of RNA Constructs HJ1 RNA and U65 snoRNA ( Figure 1 ) were prepared by transcribing linearized DNA plasmid templates containing T7 promoters and appropriate downstream sequences with T7 RNA polymerase (Dallas and Moore, 1997 England Nuclear Corp) and T4 polynucleotide kinase (New England Biolabs) according to the manufacturer's instruction. Labeled HJ2 product was purified by using a MicroSpin G-25 column (Amersham Biosciences). In order to determine dissociation constants of U65 snoRNA/HJ2 complex or HJ3, U65 snoRNA or HJ1 and HJ2 RNA were combined at a 1:1 molar ratio, and aliquots of the initial, highconcentration mixtures were serially diluted by 2-fold at least 12 times. Trace amounts of 5 0 end 33 P-radiolabeled HJ2 RNA (less than 1 nM)
were added to each sample. The buffer used for binding reactions was 5% (v/v) glycerol, 0.05% (w/v) xylene cyanol, 5 mM cacodylate (pH 6.5), 50 mM NaCl, and 0.1 mM EDTA, containing MgCl 2 at five different concentrations: 0, 1, 2, 5, and 10 mM. Samples were heated at 80 C for 1 min and snap-cooled on ice for 30 min and then loaded on a 10% (29:1) native polyacrylamide gel (0.5 mm 3 160 mm 3 170 mm) containing 34 mM Tris-HEPES (pH 7.2), 50 mM NaCl, 0.1 mM EDTA, and the same MgCl 2 concentration as that of the samples being analyzed. Gels were run at constant wattage (2W) at 4 C. After electrophoresis, gels were dried and the distribution of radioactivity was detected by using a phosphor image screen (Molecular Dynamics) and a Storm 840 Phosphorimager (Molecular Dynamics). Data were analyzed with ImageQuant computer software (Molecular Dynamics (Mori et al., 1995) , CPMG-HSQC , 13 C-HSQC, HNN-COSY (Dingley and Grzesiek, 1998) , MQ-HCN (Marino et al., 1999; Zidek et al., 2001 ), HCN-TOCSY-CH (Simorre et al., 1996a; Simorre et al., 1996b) , HNCCCH (Simorre et al., 1995) , and 31 P-HETCOR; threedimensional (3D) experiments: HCCH-COSY, HCCH-RELAY, HCCH-TOCSY (Bax et al., 1990; Marino et al., 1999; Pardi and Nikonowicz, 1992; Shaka et al., 1988) , 15 N-NOESYHSQC (mixing time of 75 and 150 ms), 13 C-NOESY-HSQC (mixing time of 40, 50,100, and 150 ms) (Kay et al., 1992; Lukavsky and Puglisi, 2001; Zwahlen et al., 1997) . NMR data were processed with NMRPipe (Delaglio et al., 1995) , and NMR spectra were analyzed with Sparky 3.1 (Goddard and Kneller, 2001) . 1 H, 13 C, 15 N, and 31 P assignments were obtained for HJ1 and HJ3 by standard procedures (Cromsigt et al., 2001; Wijmenga and van Buuren, 1998) . The results are provided in Supplemental Data (Tables S2-S7 ).
Structure Determination
Distant restraints for structure calculations were obtained from NOE data as follows. NOEs from exchangeable protons were classified as either strong (2.0À3.8 Å ) or weak (2À5 Å ) based on their intensities relative to the AH2-UH3 NOE crosspeaks in Watson-Crick AU base pairs at a mixing time of 75 ms. NOEs from nonexchangeable protons were classified as strong (2.0À3.8 Å ), medium (2.65À5.5 Å ), or weak (3À6 Å ) based on their peak intensities relative to H5-H6 NOE crosspeaks at mixing times of 40 ms and 100 ms. Dihedral torsion restraints were obtained from DQF-COSY, 31 P-HETCOR, and HCP experiments as described (Lukavsky and Puglisi, 2001; Vallurupalli and Moore, 2003) .
Fifty structures in each HJ1 and HJ3 family were calculated by using a high-temperature TAMD followed by Cartesian MD in CNS (Brunger et al., 1998) . Random starting structures with preannealed GAGA tetraloop were generated and subjected to high temperature TAMD at 20,000 K for 20 ps with K noe = 5 kcal mol À1 Å À2 and K dih = 1 kcal mol À1 rad À2 for HJ3, and with K noe = 25 kcal mol À1 Å À2 and K dih = 5 kcal mol À1 rad À2 for HJ1. Both molecules were then cooled to 0 K over 375 ps (K noe = 75 kcal mol À1 Å À2 , K dih = 25 kcal mol À1 rad À2 ) in TAMD and subsequently subjected to the Cartesian MD from 2000 to 0 K for 200 ps for HJ3 and for 300 ps for HJ1 (K noe = 100 kcal mol À1 Å À2 , K dih = 100 kcal mol À1 rad À2 ). Finally, both structures were subject to ten cycles of energy minimization of 800 steps each. The 17 lowest-energy structures obtained for HJ3 and ten lowestenergy structures obtained for HJ3 were used for further analysis. The average structures of HJ3 and HJ1 were obtained from these lowest-energy family structures. The AMBER forcefield (Cornell et al., 1995; Lapham et al., 1997) was used for all calculations. The planarity restraints (300 kcal mol À1 Å
À1
) for bases were used in each stage of the structural calculations and the bond, angle, and improper terms were scaled by 3.0 in the final energy minimization step to prevent covalent geometry distortions. Structures were drawn with PyMOL (DeLano, 2002) .
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures, Supplemental References, ten figures, and seven tables and can be found with this article online at http://www.molecule.org/cgi/content/ full/26/2/205/DC1/.
